Previous research in patients with obsessive-compulsive disorder (OCD) has indicated performance decrements in working memory (WM) and response inhibition. However, underlying neural mechanisms of WM deficits are not well understood to date, and empirical evidence for a proposed conceptual link to inhibition deficits is missing.
Introduction
Obsessive-compulsive disorder (OCD) affects approximately 2-3% of the population (Ruscio et al., 2010) and is associated with highly unpleasant obsessive thoughts and compulsive behaviors in the majority of patients (Mendlowicz and Stein, 2000) that strongly impair their everyday lives. Empirical evidence suggests that besides these clinical symptoms, OCD is related to cognitive dysfunctions (Abramovitch et al., 2013; Shin et al., 2014; Snyder et al., 2014) mainly in executive functions (e.g., inhibition and shifting) and complex memory tasks such as working memory (WM) updating (de Vries et al., 2014; Harkin and Kessler, 2011; Koch et al., 2012; Purcell et al., 1998; van der Wee et al., 2003) . Studies on the neural underpinnings of cognitive deficits in OCD have repeatedly reported dysregulations in frontostriatal networks (Casale et al., 2011; Pauls et al., 2014) . In OCD, a reduced inhibition of projections from the striatum to the thalamus and further to prefrontal cortex is thought to play a role in imbalanced fronto-striatal circuits and was found to relate to inhibition deficits in OCD (Chamberlain et al., 2005 (Chamberlain et al., , 2006 . In the context of WM, this dysfunction could be associated with a deficient updating of information in prefrontal cortex (Chatham et al., 2011; Frank et al., 2001) . At the same time, alterations in the functioning of a fronto-parietal network that is specifically relevant for WM processing, have been proposed in in OCD (Melloni et al., 2012; Menzies et al., 2008) . Despite relatively strong evidence for deficits in executively demanding WM tasks (e.g., WM updating), their underlying neural mechanisms are not well understood to date, and previous results have been heterogeneous showing both increased and decreased activations in fronto-parietal WM-related areas (de Vries et al., 2014; Henseler et al., 2008; Koch et al., 2012; Nakao et al., 2009; van der Wee et al., 2003) . A recent study by Koch and colleagues (Koch et al., 2012) suggested that inconsistencies could be reduced by taking differences in task demand into account, indicating that patients with OCD may show increased prefrontal activations at low task demand (low WM load) and decreased activations at high task demand (high WM load) when tested against healthy
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Neurobiology of working memory deficits in OCD 4 controls (HC). Such a pattern has been described in terms of a reduced WM load-dependent modulation of neural activity (Heinzel et al., 2014; Park and Reuter-Lorenz, 2009; Reuter-Lorenz and Cappell, 2008) .
Recent hypotheses explaining OCD-related alterations in brain activations and performance during WM have suggested that impaired WM in OCD may relate to difficulties in focusing on the relevant information and failures to inhibit irrelevant stimuli (de Vries et al., 2014) .
While such a mechanism has been demonstrated in healthy older subjects (Gazzaley et al., 2005) , and appears plausible in the context of OCD, it has not been specifically investigated in OCD, to date. Key regions within a fronto-parietal network that were found to be commonly activated during both WM updating and response inhibition in healthy participants include the (pre-) supplementary area (SMA), the lateral inferior frontal gyrus (IFG), and the inferior parietal lobule (IPL); see (Nee et al., 2013) for a meta-analysis for executive components of WM and (Boehler et al., 2010) for a conjunction analysis in response inhibition. Most importantly, SMA has been reported to show aberrant activations in OCD during WM (de Vries et al., 2014) as well as inhibitory control tasks (de Wit et al., 2012; Grützmann et al., 2016) .
Current investigations of OCD-related alterations in functional connectivity have proposed that dysregulations of fronto-parietal neural activations may be associated with altered limbicfrontal connectivity (de Vries et al., 2014) . More specifically, the authors found an increased functional connectivity between Amygdala and SMA in low-performing patients with OCD that was interpreted in terms of an increased uncertainty of their task performance (Stern et al., 2013) .
Since previous fMRI research in OCD has mainly focused on visuospatial WM tasks (de Vries et al., 2014) , one aim of our study was to test if similar alterations in neural activation and connectivity can be found during a numeric n-back task as well, indicating a more general underlying dysfunction of WM deficits in OCD. It is investigated if altered frontal activity, as
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This finding would support the notion of a dysfunctional involvement of content-unspecific executive components of WM (Baddeley, 2003) as a possible underlying neural mechanism of WM decrements in OCD.
Thus, for the first time, we adopted a numeric n-back paradigm with four different WM load conditions (Heinzel et al., 2014) during fMRI in a relatively large sample of OCD and HC participants, in the current study. Since a subsample also participated in a stop signal task, we were able to explore the relationship between neural activation patterns during WM performance and inhibitory performance in the stop signal task for the first time in OCD. The following hypotheses were tested: 1) Patients with OCD would show both lower accuracy and higher reaction times in an nback task, specifically at high WM load.
2) Patients with OCD would show increased activation at low and decreased activation at high WM load in fronto-parietal WM regions, indicating reduced WM load-dependent modulation of neural activity.
3) Patients with OCD would show increased connectivity between Amygdala and frontal WM regions.
4)
Analyses within the OCD group would show a negative correlation between frontoparietal WM load-dependent modulation of neural activity and OCD symptoms. 5) Exploratory analyses in a subsample of participants that performed a stop signal task would show a a. positive relationship between n-back and stop signal performance in the OCD sample.
b. positive relationship between SMA activity during n-back and stop signal performance in the OCD sample.
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Materials and Methods
Participants
Fifty-four patients with OCD were recruited from the OCD out-patient clinic at Humboldt-University Berlin and 56 healthy control (HC) participants were recruited via online advertisements. The OCD group were interviewed with the Yale-Brown Obsessive
Compulsive Scale (Y-BOCS) by licensed clinical psychologists and diagnosed using the German version of the Structured Clinical Interview for DSM-IV (SCID). Four participants in the HC and two in the OCD sample had to be excluded from data analyses due to technical failures during fMRI scanning. Furthermore, three participants in the HC and one in the OCD sample showed performance at chance level (performance below 30% hitrate or above 30% false alarm rate) in the WM task, and thus, had to be excluded from data analyses as well.
Therefore, the final analysis sample consisted of 51 patients with OCD and 49 HC (see Table   1 for demographic data). All participants had normal or corrected-to-normal vision, and no history of any neurological diseases or brain injuries. The study was approved by the local Ethics Committee of the Humboldt-Universität zu Berlin and conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants after the procedures had been fully explained. As this study was part of a larger project, a subsample of 41 patients with OCD and 29 HC also had participated in a stop-signal paradigm outside the MRI scanner. Stop signal reaction time (SSRT) could not be reliably estimated in one OCD patient (performance below 2.5 standard deviations from the mean), and therefore, this participant was excluded from analyses that included SSRT.
N-back paradigm during fMRI
A modified version of the n-back paradigm with numerical stimuli as described in the study of Heinzel and colleagues (Heinzel et al., 2014) was used in this study. Sixteen blocks (4 blocks of each 0-, 1-, 2-, and 3-back) were presented in three different pseudo-randomized orders counterbalanced across subjects. The total duration of the task was nine minutes. Please refer
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Neurobiology of working memory deficits in OCD 7 to the Supplementary Methods in the Supplementary Material and (Heinzel et al., 2014 ) for details on the task design. N-back performance (defined as hitrate minus false alarm rate) and reaction time during correct responses were used as outcome scores for behavioral analyses of the n-back task. 
MR image acquisition
Estimation of BOLD effects in n-back
The WM experiment was analyzed within the framework of the General Linear Model (GLM). At the single subject level, we created design matrices comprising the experimental conditions of 0-, 1-, 2-, and 3-back as separate regressors of interest and all other experimental conditions (cue, button presses, and the six rigid body realignment parameters)
as regressors of no interest. The GLM was fitted voxel-wise into the filtered time series using the restricted maximum likelihood algorithm as implemented in SPM12. . Clusters with a minimum cluster size of 37 voxels yielded a cluster-level FWE threshold of p < .05 and are described in the results section and in Table 2 .
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ROI-analyses
To replicate analyses of (de Vries et al., 2014), testing OCD-related alterations in WM-load dependent BOLD response, we used the same method as described in their paper. Thus, we built 9 ROIs using 10mm spheres around the coordinates reported in (de Vries et al., 2014) , combined them to one WM network ROI (see Table S1 in the Supplementary Material for all peaks) and tested a 2 (group) by 3 (1-, 2-, and 3-back) ANOVA.
Generalalized Psychophysiological Interaction Analysis
To test if results from visuospatial WM on altered connectivity between the Amygdala and fronto-parietal regions in OCD as reported in (de Vries et 
Correlational analysis between n-back BOLD effects and stop-signal reaction time
Because we hypothesized an association of stop-signal reaction time with activity of the SMA region, a SMA region of interest (ROI) was used for parameter extraction. The boundaries of this SMA ROI were derived from the Automated Anatomical Labeling (AAL) toolbox for SPM (Tzourio-Mazoyer et al., 2002) . We extracted parameter estimates from significant voxels within this a priori determined SMA region (for the high load n-back conditions relative to implicit baseline), and carried out correlational analysis with estimates of stopsignal-reaction times from a behavioral stop signal task.
Stop signal task
The stop signal task used in this study is an adapted version of a task used in previous OCD research (Chamberlain et al., 2006) , where subjects respond rapidly to left-or right-facing arrows with corresponding motor responses, but attempt to inhibit responses when an auditory signal appears in temporal proximity (stop signal). It is then possible to estimate the time taken to internally suppress motor responses (stop-signal reaction time, SSRT). SSRTs were estimated by subtracting the mean stop-signal delay from the observed mean reaction time (RT) during "go trials" (trials without an auditory stop signal) (Verbruggen and Logan, 2009) .
Results
Behavioral results n-back
A two (group) by four (WM load) ANOVA of the n-back performance revealed a significant interaction (F(3, 294) = 3.74, p = .012, partial η² = .037) as well as a significant main effect of WM load (F(3, 294) = 85.29, p< .001, partial η² = .465). There was a trend for a main effect of group (F(1,98) = 3.88, p = .052, partial η² = .038). Follow-up two-sample ttests indicated that compared to patients with OCD, healthy control participants showed better
Neurobiology of working memory deficits in OCD 10 performance at 0-back (t(98) = 2.33, p = .022) and 3-back (t(98) = 2.35, p = .021), but not at 1-and 2-back (both p > .42; see Figure 1 , panel A).
Similarly to the results of n-back performance, RT analyses revealed a significant two (group) by four (WM load) interaction (F(3, 294) = 3.25, p = .022, partial η² = .032) as well as a significant main effect of WM load (F(3, 294) = 187.92, p< .001, partial η² = .657) and a main effect of group (F(1,98) = 8.45, p = .005, partial η² = .079). Follow-up two-sample ttests indicated that compared to patients with OCD, healthy control participants had faster RT at 1-back (t(98) = 2.16, p = .033), 2-back (t(98) = 2.09, p = .039), and 3-back (t(98) = 3.02, p = .003), but not at 0-back (p > .29; see Figure 1 , panel B).
FMRI results during n-back
As shown in Figure 2 , panels A and B, whole-brain analyses (p < .05, FWE cluster-level corrected) of the two (group) by four (WM load) interaction revealed a significant interaction effect in the left supplementary motor area (SMA, t = 8.38) and in the right inferior parietal lobule (IPL, t = 8.68), indicating reduced activation in the OCD group compared to the HC group at high WM load (3-back). To obtain a score for WM load-dependent modulation of neural activity, difference scores of parameter estimates of BOLD response at high (3-back) minus low (1-back) WM load were computed (see (Heinzel et al., 2014; Nagel et al., 2011) for details of the procedure) in left SMA and right IPL. Group comparisons between OCD and HC revealed higher neural modulation scores in HC in both SMA (t(98) = 3.89, p < .001) and
IPL (t(98) = 3.69, p < .001).
Post hoc group effects (p < .05, FWE cluster-level corrected) testing group differences for each WM load separately, are depicted in Figure 2 , panel C, showing higher activations in OCD patients in 1-back and lower activations in 2-and 3-back mainly in fronto-parietal regions (see Table 2 for MNI coordinates, t-values, and cluster extents). Taken together, these results indicate that fronto-parietal BOLD response in OCD patients seem to be less adaptive to increasing WM load.
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ROI analyses
ROI analyses using the same WM network ROI as reported in (de Vries et al., 2014) showed a significant WM load by group interaction (F(2, 196) = 3.87, p = .027) in extracted parameter estimates of the WM network ROI (see Figure S1 in the Supplementary Material).
Generalized Psychophysiological Interaction (gPPI) Analysis
As shown in the Supplementary Table S2 , the group comparisons showed no significant results for any of the performed connectivity analyses (left SMA, left DLPFC, and left Precuneus seed ROIs), even when using a relatively liberal statistical threshold (p < .001 uncorrected). Thus, in our study we could not replicate the previously reported altered connectivity between frontal and parietal seeds and the left or right Amygdala. However, as displayed in the Supplementary Figure S2 
Relationship between fMRI results and Y-BOCS
The Y-BOCS sum score was negatively correlated with WM load-dependent modulation of neural activity in SMA (r = -.281, p = .046) but not in IPL (r = -.227, p = .109), indicating that higher modulation in SMA was related to lower symptom severity in patients.
Relationship between SSRT and n-back performance and BOLD response
In the subgroup of 40 patients with OCD, where Stop Signal Task data were available, SSRT correlated significantly with the mean n-back RT (r = .346, p = .029), but not with the mean n-back performance (r = -.108, p = .506). Thus, in the OCD subsample, faster responses in nback are related to lower SSRTs (indicating a higher inhibition performance). Most importantly, there was a significant relationship between SSRT performance and SMAactivity during 0-back (r = -.321, p = .044), 1-back (r = -.407, p = .009), 2-back (r = -.368, p =
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Neurobiology of working memory deficits in OCD 12 .020), and 3-back (r = -.415, p = .008), indicating that higher SMA-activity during n-back is related to lower SSRT values and therefore better inhibition performance (see Figure 3 , panel A and B) in OCD. In the SSRT subgroup of HC subjects, SSRT did neither correlate with mean n-back performance (r = -.017, p = .930) nor with RT (r = .157, p = .416). Also, BOLD response in SMA during n-back was not related to SSRT in HC (all p > .21).
Discussion
Results reflect a WM load-dependent performance decrement in patients with OCD that is specifically visible at high WM load (3-back). At the same time, a whole-brain analysis of the group by WM load interaction revealed reduced BOLD responses in SMA and IPL at 3-back in patients with OCD. Group effects for the separate WM load levels indicate a reduced WM load-dependent modulation of neural activity in a fronto-parietal network in patients with OCD, reflected by hyperactivations at low WM load and hypoactivations at high WM load.
These results from voxel-wise analyses were confirmed by ROI analyses testing a WM network ROI derived from an independent study (de Vries et al., 2014) . Within the OCD sample, higher symptom severity (Y-BOCS sum score) was related to reduced WM loaddependent modulation of neural activity in SMA. Results in a subsample that also participated in a stop signal task revealed that higher inhibition performance, indicated by low SSRT values, corresponds to shorter n-back RT as well as higher BOLD responses in SMA during n-back.
Our first hypothesis on a WM load-dependent deficit in WM was supported by the current data and confirms previous findings (de Vries et al., 2014; Harkin and Kessler, 2011; Koch et al., 2012; Purcell et al., 1998; van der Wee et al., 2003) . These performance decrements are possibly due to inefficient strategies that fail at high task demand (Harkin and Kessler, 2011) .
Furthermore, higher indecisiveness in OCD may add to the generally increased reaction times found in this study (Sarig et al., 2012) .
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Results from the whole-brain analysis, testing a group by WM load interaction, suggest a neuronal correlate in SMA and IPL for the performance decrements in OCD at high WM load. These results are in line with the concept of a reduced WM load-dependent modulation of neural activity in fronto-parietal WM areas in OCD because both SMA and IPL are involved in WM updating (Owen et al., 2005) . IPL was found to play an important role in selective attention, WM rehearsal, and capacity (Ravizza et al., 2004; Rottschy et al., 2012; Smith and Jonides, 1999) , whereas SMA is a key region in response selection and preparation (Nee et al., 2013; Petit et al., 1998; Rottschy et al., 2012) , as well as distractor susceptibility (Nee et al., 2013) , and response inhibition (Boehler et al., 2010; Chikazoe, 2010) . Alterations in SMA activation were reported in previous WM studies in OCD (de Vries et al., 2014; Koch et al., 2012; van der Wee et al., 2003) and interpreted as a neural substrate of an OCD-related difficulty to inhibit irrelevant information and suppress responses to distractors, an ability that is most relevant for high WM load in the n-back task. This interpretation is supported by fMRI findings from inhibitory control tasks (e.g. stop signal task) in OCD. A study by de Wit and colleagues (de Wit et al., 2012) found increased SMA activity in OCD in a stop signal task, indicating compensatory activation for an inhibition deficit. Our finding of decreased SMA activity accompanied by a marked performance decrement in 3-back suggests that a SMA-driven compensatory attempt seems to fail at high WM load as pointed out by current models of an inverse U-shaped relationship between WM load and associated BOLD responses (Lustig et al., 2009; Manoach, 2003; Nyberg et al., 2009; Reuter-Lorenz and Cappell, 2008) . Thus, as expected, WM load-dependent modulation of neural activity in SMA, as indicated by the difference between 3-and 1-back activity (Heinzel et al., 2014; Nagel et al., 2011) , was reduced in patients with OCD. A negative correlation with OCD symptoms suggests that the ability to flexibly increase SMA activation with increasing WM load is negatively related to the amount of OCD symptoms. This finding is in line with cross-
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Neurobiology of working memory deficits in OCD 14 sectional research (de Vries et al., 2014; de Wit et al., 2012) and a longitudinal study on psychotherapy-induced modulations of frontal activity in OCD (van der Wee et al., 2007) .
Following up on the concept of reduced fronto-parietal adaptability to increasing WM load as supported by a recent study in OCD (Koch et al., 2012) , we had expected an increased SMAactivity at low WM load (1-back) in OCD, which was not found in the current whole-brain group by WM load interaction analysis. However, post hoc group effects at each WM load separately showed increased activity at 1-back in OCD mainly in lateral fronto-parietal areas (see Figure 2 , panel C and It seems that compensatory hyperactivations may not occur in the same brain areas that show activity decrease at high WM load. Thus, OCD-related hyperactivations at low WM load were located more laterally than hypoactivations at high WM load. This notion may explain seeming discrepancies to the study by de Vries and colleagues (de Vries et al., 2014) , as their finding of increased activity in OCD was found in a lateral SMA cluster including parts of premotor cortex. No WM load-specific voxel-wise analyses were reported in their study, but ROI-analyses suggest that OCD-related increases in activity are mainly driven by increased 1back activity, possibly related to an inefficiently elevated involvement of cognitive control functions (de Vries et al., 2014; Henseler et al., 2008) . However, differences in sample characteristics (e.g. number of patients with comorbid mental disorders and medication), task design, and analyses need to be considered when comparing our study with the study by de Vries and colleagues (de Vries et al., 2014) .
Taken together, results of the current study reporting behavioral and neural alterations during the performance of a numeric n-back task, partially replicate results from a previous study in a visuospatial n-back task (de Vries et al., 2014) . Even though previous research suggests that visually presented number stimuli are represented predominantly verbally in WM (Reuter-
Neurobiology of working memory deficits in OCD 15 Lorenz et al., 2000; Smith and Jonides, 1999) , we do not know whether participants used a verbal or a visual representation of the stimuli during WM rehearsal in our study. Thus, conclusions on specific neural underpinnings of WM decrements in OCD are still speculative.
Nevertheless, keeping this limitation in mind, our findings may suggest that OCD-related alterations in WM processing during n-back are not content specific (Harkin and Kessler, 2011) and tap into executive aspects of the WM system that are thought to process information relatively independent from the type of stimulus representations (Baddeley, 2003) .
Our gPPI connectivity analyses between three frontal and parietal regions and the left and right Amygdala did not reveal significant group comparisons. Thus, we could not replicate the findings reported in (de Vries et al., 2014) , even though, viewing the connectivity parameters might suggest a similar pattern in the SMA-Amygdala connectivity (see Supplementary Figure S2 in the Supplementary Material) . Possibly, different characteristics of the task and/or the samples used in our study and the study by (de Vries et al., 2014) may explain these differences. It seems that performance rates in OCD were higher in our compared to their task. Therefore, OCD participants may have been less uncertain about their responses, indicating lower connectivity between Amygdala and fronto-parietal regions. Furthermore, to follow the idea of a replication analysis, we used a more conservative approach in selecting the seed regions. We built the same seed ROIs as reported in (de Vries et al., 2014), using the peak coordinates of group differences from their study (i. e. not from our study) to create the spheres for parameter extraction.
Importantly, significant correlations between SMA-activity during n-back and SSRT provide a direct link between WM-related alterations in medial frontal brain activation in OCD (de Vries et al., 2014; Koch et al., 2012; van der Wee et al., 2003) and deficits in inhibition performance (Chamberlain et al., 2006; de Wit et al., 2012; Menzies et al., 2008) . To our knowledge, this direct relationship was investigated for the first time in the current study and
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Limitations and future perspectives
There are a few limitations that need to be considered when interpreting the results of this study. First, no assessment of subject's indecisiveness or individual use of strategies during task performance was done. Since features of the presented stimulus material may be represented differently in WM according to individual strategies, it remains unclear whether participants encoded the presented material verbally using verbal rehearsal strategies or visuospatially or used another strategy. Second, only a subgroup of participants performed the stop signal task and correlations to SMA activity during n-back are relatively weak and need to be replicated in a larger sample, ideally also testing neural activity during stop signal task performance. Third, the n-back task involves several different WM subprocesses, thus, n-back does not allow to capture specific deficient subprocesses, and it would be interesting to apply different types of WM tasks (e.g. Sternberg tasks) to compare OCD-related alterations in neural activity between different WM subprocesses (e.g. maintenance vs. updating) in future studies. As indicated by previous WM training studies (Dahlin et al., 2008; Heinzel et al., 2016; Klingberg, 2010) , inefficient WM processing may be altered through a cognitive training program both on a behavioral and a neural level. These findings encourage application in patients with OCD in future research (Buhlmann et al., 2006) .
Conclusions
In the current study, patients with OCD showed WM performance decrements specifically at high WM load that were accompanied by WM load-dependent alterations in neural activity in SMA and IPL as well as reduced response inhibition. Importantly, our behavioral and neuroimaging findings in a numeric n-back task partially replicate results from a previous study in a visuospatial n-back task. Thus, WM deficits and associated neural alterations in OCD are most likely not content specific and a common neural mechanism for WM deficits and inhibitory dysfunction in OCD is suggested. Findings may support the development and investigation of cognitive training programs specifically targeting these cognitive functions. A C C E P T E D M A N U S C R I P T 
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Highlights
 Numeric working memory was tested in 51 OCD patients during fMRI for the first time  OCD show increased neural activiy at low and decreased activity at high load  BOLD signal in supplementary motor area predicts symptoms and response inhibition  Study shows first evidence for neural alterations in numeric working memory in OCD  Study suggests common neural mechanism for inhibitory and working memory dysfunction
